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Resumen— En este trabajo se propone un modelo para obtener 
la susceptibilidad magnética AC de manganitas La2/3Ca1/3MnO3. 
Las muestras están compuestas por una combinación de iones 
Mn4+ y Mn3+ que influencian la estequiometría del material. El 
modelo se basa en un Hamiltoniano que incluye interacción 
Heisenberg y efecto Zeeman. Para determinar la susceptibilidad 
AC, se aplica un campo magnético externo dependiente del 
tiempo h(t) a la muestra. Para llevar a cabo las simulaciones se 
requirieron algunas herramientas matemáticas, tales como 
transformadas de Fourier. El estudio fue llevado a cabo para 
diversas frecuencias angulares y temperaturas. Las simulaciones 
se obtuvieron empleando una interfaz gráfica que permitió el 
monitoreo en línea de los resultados. De acuerdo con dichos 
resultados, la susceptibilidad AC disminuye no solo con la 
temperatura, sino también con la frecuencia. 
 
 
Palabras clave— Monte Carlo, transformada de Fourier, 
dependencia del tiempo, susceptibilidad AC. 
 
Abstract— In this study, a model for obtaining the AC magnetic 
susceptibility of La2/3Ca1/3MnO3 manganites was proposed. The 
samples were composed of a combination of Mn4+ and Mn3+ ions 
that influence the material stoichiometry. The model is based on 
the Hamiltonian, including the Heisenberg interaction and the 
Zeeman effect. For determining AC susceptibility, a time-
dependent external magnetic field h(t) was applied to the sample. 
Several mathematical tools, such as Fourier transforms, were 
required for performing the simulations. The study was 
conducted for various angular frequencies and temperatures. 
The simulations were obtained using a graphic interface that 
allowed the online monitoring of the results. According to the 
results, the AC susceptibility decreases not only with the 
temperature, but also with the frequency. 
 
Key Word — Coercive field, critical temperature, Magnetic 
properties, Monte Carlo. 
 
 
 
 
I. INTRODUCTION 
 
Recently, perovskite-type manganites with formula Ln1-
xAxMnO3 (being Ln and A, a large lanthanide and an 
alkaline-earth respectively) have attracted considerable 
interest after the discovery of CMR (colossal magneto 
resistance) properties in certain of these materials. 
Moreover, research on CMR materials has enabled 
understanding of the fundamental aspects of the physics of 
highly correlated electron systems, such as manganites [1]. 
These materials present interesting electrical properties, 
exhibiting a maximum at a certain temperature TMI 
corresponding to a metal-insulator transition. This transition 
is drastically suppressed by application of a magnetic field 
[2]. Another important characteristic of these materials is a 
ferromagnetic-paramagnetic transition at a temperature TC 
near TMI [3]. Several parameters influence the physical 
properties of these materials. Two of the most meaningful 
parameters are the density of carriers represented by the 
Mn4+/Mn3+ ratio [4,5] and the Mn-O-Mn bond angle that has 
a strong influence on the orbital overlapping between 
neighboring ions [6]. In the literature, there are several 
reports that present experimental studies of DC magnetic 
properties in LCMO compounds, such as magnetization, DC 
susceptibility and magnetoresistance [7-9]. AC magnetic 
susceptibility measurements have been widely used for 
characterizing the magnetic transitions that occur in several 
materials [10,11]. Frequently, the behavior of the AC 
susceptibility can be attributed to either an intrinsic spin 
glass behavior or to extrinsic phenomena, such as domain 
wall pinning [12]. The presence of these complex 
mechanisms can hamper efforts to analyze the AC magnetic 
response. A comprehensive review of the theoretical and 
experimental aspects relative to the origin of the phase 
transition and its field dependence has been conducted by 
Williams [13] based on the classical framework of a second 
order paramagnetic/ferromagnetic transition theory. This 
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phase transition has been experimentally determined in 
dilute magnetic systems, such as AuFe [14], PdMn [15] and 
amorphous ferromagnetic alloys [16].  Moreover, similar 
behavior was also observed in manganites, such as 
La0.67Pb0.33MnO3 [17], La0.67Ca0.33MnO3 [18] and La1-
xMgxMnO3 [19-20]. 
With respect to theoretical studies and simulations, in the 
literature, it is common to find reports presenting results for 
DC magnetization and magnetic susceptibility using 
methods, such as Monte Carlo [21-23]. Nevertheless, few 
reports can be observed presenting simulations of AC 
magnetic susceptibility. It is possible that this absence is due 
to the complexity and the computational cost that these 
simulations require.   
In the present work, AC magnetic susceptibility simulations of 
La2/3Ca1/3MnO3 using a Monte Carlo method are reported and 
discussed. The AC susceptibility was derived from the 
magnetization, depending on the time and later application of 
a Fourier transform, for obtaining its dependence on 
frequency. Finally, the influence of the temperature was 
evaluated.  
 
II. METODOLOGY 
 
Manganite La2/3Ca1/3MnO3 crystallizes in a perovskite 
structure in which trivalent Mn3+ and tetravalent Mn4+ ions 
are distributed into the lattice, thereby forming a simple 
cubic array. This structure was widely considered to be true, 
even though there are reports indicating that the electronic 
structure of the surface is, in general, notably different from 
the bulk, forming a pseudo-cubic structure [24]. In addition, 
the manganite structure has been investigated by E. O. 
Wollan and W. E. Koehler [25]. In a simulation model, 
magnetic Mn3+ and Mn4+ ions are represented by Heisenberg 
spins, while oxygen, lanthanum and calcium ions are 
considered to be non-magnetic. The Heisenberg 
Hamiltonian describing the system reads as follows [26]: 
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where N is the number of atomic positions in the sample. 
The first sum includes the nearest magnetic neighbors, 
whereas iS
r
and jS
r
 take values of 2 for Mn3+eg and 
Mn3+eg´ or 3/2 for Mn4+d3 based upon the electronic 
configurations of these ions. In addition, the spins interact 
via ferromagnetic superexchange interactions for Mn3+- 
Mn3+ (eg- eg’), Mn3+- Mn4+ (eg-d3) and Mn3+-Mn4+ (eg’-d3) 
[20]. Numerical values for the superexchange integrals were 
considered according to the orbital order pattern as reported 
by T. Hotta et al. [27]. Three types of bonds are considered: 
Mn3+eg’-O- Mn3+eg (Jij=7.77 meV), Mn3+eg-O-Mn4+d3 
(Jij=3.66 meV) and Mn3+eg’-O-Mn4+d3 (Jij=4.65 meV); these 
values have been reported previously [28].  A single-spin 
movement Metropolis Monte Carlo algorithm was used for 
obtaining equilibrium thermodynamic properties [29]. The 
second term corresponds to the influence of the external 
magnetic field, which depends on the time according to the 
following expression: 
 
 )()( max ϕω += tCoshth     (2) 
 
where hmax is the maximum value of the magnetic field 
(hmax=1.35 Oe), ω=2πf is the angular frequency, with f = 20 
Hz, 80 Hz, 100 Hz, 300 Hz and 1000 Hz, φ=0. Periodic 
boundary conditions in the transverse directions and free 
along the perpendicular direction of the film were 
employed. A linear dimension L=12 (in lattice parameters 
units) along the x-y plane and several thicknesses d in the z 
direction were used. In the vicinity of the critical region, the 
temperature step was 0.005 K. In computing equilibrium 
averages, approximately 1 x 104 Monte Carlo steps per spin 
(mcs) were considered after equilibration. The procedure 
was the following: (i) initially, the magnetization was 
obtained as a function of time (t) and for each temperature 
(T). The magnetization can be obtained as a function of time 
t and temperature T using the nest equation 
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After obtaining the magnetization depending on the time, 
for each frequency ω during the cycle, and for a given 
temperature T, the AC magnetic susceptibility χ(t,T) can be 
written as follows [30]: 
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In this equation, h(t) is the external magnetic field applied to 
the sample according to equation 2. Next, the values of 
χ(t,T) can be determined for each cycle, depending on the 
time, t, at different temperatures. To explain the procedure 
for obtaining the ac AC susceptibility, the curve for T= 150 
K was chosen. From these curves, a function that can fit this 
behavior was obtained as follows: 
 
 
( ) 12),( −++= ctbtTt aχ
   (5) 
 
for each temperature, where a, b and c, are parameters for 
the curve fitting.  The AC magnetic susceptibility can be 
written in terms of a Fourier series [31]: 
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In this equation, the Fourier expansion coefficients χn´ and 
χn´´ correspond to the real and imaginary components of AC 
susceptibility, respectively, where n is an integer. The two 
first terms of the Fourier series were chosen because they 
are the most representative, while the others can be 
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neglected. For determining these coefficients, a Fourier 
transformation was used. The next expressions were used: 
( )dttnCosTtTn ωχχ Τ=′ 0 ),(
2
   (7) 
( )dttnSenTtTn ωχχ Τ=′′ 0 ),(
2
   (8) 
 
For evaluating these integrals and determining the real and 
imaginary components of the AC susceptibility, equation (5) 
is used in (7) and (8); next, these integrals are solved by 
means of a Monte Carlo method. This procedure is conducted 
for each temperature.  
Summarizing the steps for carrying out the simulations: (i) 
samples of La2/3Ca1/3MnO3 are built according to the 
procedure described above; (ii) the model of eq. (1) is applied 
to the system for obtaining the magnetization based on eq. (3) 
and the susceptibility based on eq. (4), using the Monte Carlo 
method and the Metropolis algorithm, where the external 
magnetic field is represented by eq. (2), with the frequency 
and the temperature being remained constant and the time (t) 
being variable; (iii) the susceptibility curve was fitted using 
eq. (5) to obtain the values of a, b and c; (iv) once the 
equation was obtained, the real and imaginary components of 
the AC susceptibility were obtained by applying eq. (7) and 
(8); (v) After this procedure, the value of the temperature was 
changed (with a step of 2 K), while holding the frequency 
constant; (vi) once the temperature was varied between 100 
and 300 K, the frequency was changed and was later remained 
constant, while the temperature was scanned; finally, (vii) this 
procedure was repeated until all of the frequencies were 
simulated 
 
III. RESULTS AND DISCUSSION 
 
Figure 1. Graphical interface built for obtaining the AC magnetic 
properties. 
 
Figure 1 shows the user graphical interface used for 
obtaining the AC susceptibility. Using this graphical 
interface, values of the parameters employed in the 
simulations are introduced. This graphical interface was 
built using Visual Basic. The upper component contains 
several buttons that enable the process to be conducted, such 
as data capture, save, clean, help and exit. At the upper left 
corner, the sample construction is observed with its 
corresponding geometry and configuration. The lower left 
panel contains data input, such as exchange parameters, 
temperature, magnetic field and number of Monte Carlo 
steps. The upper right panel contains boxes presenting the 
graphic resulting from the simulations. The lower right 
panel shows the time that the simulation will take and the 
number of Monte Carlo steps that have been completed. 
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Figure 2. Magnetization as a function of time (t) for La2/3Ca1/3MnO3 
manganites at several temperatures, f=20 Hz and Hmax=1.35. 
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Figure 3. AC susceptibility as a function of time (t) for 
La2/3Ca1/3MnO3 manganites at several temperatures, f=20 Hz and 
Hmax=1.35. 
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Figure 4. Fit of the AC susceptibility curve as a function of time (t) 
for La2/3Ca1/3MnO3 manganites at T=150 K, f=20 Hz and 
Hmax=1.35. 
Figure 2 shows the magnetization for several temperatures 
as a function of the time, with the frequency being remained 
constant at f=20 Hz. Curves were obtained for temperatures 
ranging between 100 and 300 K with a step of 2 K. This 
figure presents a few curves selected to provide a view of 
the system behavior as the temperature is varied. As is 
observed, the intensity of the magnetization decreases as the 
temperature increases. In magnetic systems at low 
temperatures, the magnetic moments are almost frozen, and 
therefore, despite the increases in temperature, they are 
resistant to change their orientation, resulting in a 
ferromagnetic state [32]. As the temperature increases, the 
magnetic moments gain energy, increasing their mobility. 
Next, system entropy appears, producing disorder and 
decreasing the magnetization [33].  
Figure 3 shows several curves of AC susceptibility χ(t,T) as 
a function of time for different temperatures obtained using 
eq. (4). An important characteristic is the strong divergence 
around the half-way point of the cycle. This divergence 
produces asymptotic tendencies around the critical point that 
coincide with the point at which the magnetization changes 
from positive to negative values. Moreover, at low 
temperatures, curves are well-defined at both sides of the 
cycle because the material is in the ferromagnetic phase and 
is highly ordered. Conversely, as the temperature increases, 
the points of the curves that are dispersed because of the 
system reaches the paramagnetic phase that is characterized 
by a disorder of the spins, as is reflected in the susceptibility 
curves. Figure 4 presents the susceptibility as a function of 
time for a temperature T= 150 K and a frequency of 20 Hz. 
In this figure, the fit employed to find a, b and c using eq. 
(5) is presented. This procedure was conducted for each 
susceptibility curve obtained at all temperatures and 
frequencies.  After the fitting of the susceptibility curves in 
figure 3 using eq. (3), a Fourier transform is applied 
employing eq. (7) and (8) to obtain the real and imaginary 
susceptibility values for the La2/3Ca1/3MnO3 thin films, as is 
shown in figures 5 (a) and (b), respectively. Both 
components of the susceptibility decrease as a function of 
the temperature for several frequencies at a Hmax =1.35 kOe. 
Two important tendencies were observed in these curves. 
First, the susceptibility tends to decrease as the temperature 
increases; both susceptibilities abruptly decrease to zero, 
exhibiting the ferromagnetic-paramagnetic phase transition 
[34]. These results are similar to experimental results 
reported in the literature [35]. A sudden jump is observed, 
which corresponds to the low temperature ferromagnetic 
(FM) to paramagnetic (PM) phase transition. For 
La2/3Ca1/3MnO3, the transition temperature, TC, has been 
reported to be approximately 260 K for zero external 
applied magnetic field (H). Nevertheless, when an external 
magnetic field is applied, this temperature tends to shift 
toward higher values, as caused by the order induced by the 
external magnetic field [3,21,28]. This frequency influence 
is also observed in these figures. This behavior was 
explained by Granado et al [36]. As the frequency increases, 
the curves of χ’’ become less prominent, and the transition 
shifts to higher temperatures, indicating a transition to a 
glassy state without long-range magnetic order, such as a 
spin-glass [37] or a cluster glass state. 
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Figure 5. AC susceptibility as a function of temperature for 
La2/3Ca1/3MnO3 manganites at several frequencies: (a) Real 
component, χn´ and (b) imaginary component, χn´´. Inset figures 
represent magnifications of curves for high and low frequencies for 
χn´ and χn´´, respectively. 
 
IV. CONCLUSIONS  
AC magnetic susceptibility was modeled and simulated for 
La2/3Ca1/3MnO3 manganites using the Heisenberg model, and 
a Monte Carlo method combined with the Metropolis 
algorithm. A Fourier transform was used to obtain the real and 
imaginary components of the susceptibility. The simulations 
were performed for various frequencies and temperatures. 
Magnetization curves showed an oscillatory behavior, similar 
to the external applied magnetic field. The AC magnetic 
susceptibility was obtained from the magnetization curves as a 
function of temperature, and the results indicated a transition 
from ferromagnetic to paramagnetic phases. 
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